RNA interference (RNAi) is one of the most powerful and widely used tools for the study of gene function and has been developed as a novel therapeutic tool to target specific genes for the treatment of diseases, and it is defined as a mechanism of specific post-transcriptional gene-silencing mediated by small RNAs, including endogenous microRNA (miRNA) and exogenous chemical synthesized small interfering RNA (siRNA) or short hairpin RNA (shRNA)[@b1]. RNAi might become a novel therapeutic approach for cancer treatment because researchers can easily design siRNA molecules to inhibit, specifically and potently, the expression of proteins involved in tumor initiation and progression.

Although siRNA has the potential to be a novel class of drugs, the limited cellular uptake, low biological stability, and unfavorable pharmacokinetics of siRNAs have hampered their application in the clinic[@b2]. When using systemic delivery strategies, nucleic acids in general are exposed to nuclease degradation, which makes systemic RNAi delivery more complicated and challenging. In addition, studies show that systemically administered naked siRNA preferentially accumulated in kidney and excreted into urine within 1 h due to its relatively small size compared to the effective glomerular pore size. As a result, target-site accumulation of siRNA to achieve therapeutic dosage will be a major problem[@b3][@b4][@b5]. Therefore, the translation of siRNA to the clinical setting is highly dependent on the development of an appropriate delivery system, which is able to ameliorate the pharmacokinetic and bio-distribution properties of siRNA.

Microneedle represents a better way to deliver siRNAs, as it has been shown to penetrate the skin, across the *stratum corneum*, and into the viable epidermis. It can avoid direct contact with blood vessels and nerve fibers which reside in the dermal layer. As a result, the major benefit of using microneedle is pain free[@b6]. There are 2 kinds of microneedles\< solid and hollow. Solid microneedles can be used as skin pretreatment. By inserting the microneedles to form pores, a drug formulation can be applied to the skin for slow diffusion through the pores and into the body; while hollow microneedles can be used for infusion of liquid formulations into the skin through the needle hole[@b7].

In previous study, we evaluated for the first time the capability of a silicon microneedle array for delivery of the housekeeping gene (Gapdh) siRNA to the skin of the mouse *in vivo* and the results showed the microneedle arrays could effectively deliver siRNA to relevant regions of the skin noninvasively[@b8]. For the further proof-of-concept study in this field, we evaluated the efficacy of the injectable microneedle device for local deliver of siRNA to the mouse xenograft. The bio-distribution, tumor suppression activity and side effects of siRNA were also tested.

Results
=======

Injectable microneedle device
-----------------------------

[Figure 1](#f1){ref-type="fig"} is the view of the injectable microneedle device, in which, the array-type micro- injection needle head comprises a lower needle seat. It was configured as a cylindrical column opening at one end and comprising a top cap at the other end, and an upper needle seat located over the top cap of the lower needle seat with a cavity (100 μm in height) formed between the upper needle seat and the top cap. The top cap was provided with a through-hole for communicating the cylindrical column with the cavity, and a pipetting needle (304 25G stainless steel needle) was positioned in the through-hole, connecting to the syringe by tube. Three hollow needles (304 33G stainless steel needle) were mounted in the upper needle seat, arranged in an equilateral triangle shape. For each, the bevel angle of the tip was 30 degree and was fabricated with 500 or 800 μm in height. The distance between the two needles was 1.5 mm.

Knockdown efficiency and tumor suppressing effect of Human papillomavirus (HPV) 16 E6 siRNA delivered by the microneedle in cervical tumor xenograft
----------------------------------------------------------------------------------------------------------------------------------------------------

To investigate the therapeutic effect of siRNA delivered by injectable microneedle into the cervical cancer, we chose siRNA which specifically and effectively silences HPV16 E6 oncogene. This gene has received lots of attention, as E6 oncoprotein interacts with several cellular proteins, thereby activating a number of oncogenic pathways that lead to blockage of apoptosis, alterations of the transcription machinery, interference with cell-cell interactions and cell immortalization in the pathogenesis of cervical cancer[@b9]. To assess the effect of silencing E6 gene on the growth of SiHa cells, we have performed *in vitro* MTT assay and qRT-PCR. Noticeably, we observed significant reduction in the E6 gene expression and the proliferation of SiHa cells treated with HPV16 E6 siRNA ([Supplementary Figs S1](#S1){ref-type="supplementary-material"} and [S2](#S1){ref-type="supplementary-material"}). In this study, we adopted the xenograft mouse models of cervical cancer.

In our *in vitro* data ([Supplementary Fig. S1](#S1){ref-type="supplementary-material"}), we chose 24 h as the time point for gene knockdown studies (qRT-PCR) and significant silencing effect could be observed at this time point, which was also confirmed in our previous study[@b8]. To be consistent with the *in vitro* study, we chose 24 h for the *in vivo* measurement as well. Two kinds of injectable microneedles were fabricated with 500 μm or 800 μm in height and connected to a micro-syringe. A marked reduction of HPV16 E6 gene expression was detected in the tumor treated with the siRNA delivered by either 500 μm or 800 μm 24 h after administration. The 800 μm injectable microneedle showed higher knockdown efficiency ([Fig. 2B](#f2){ref-type="fig"}). As a result, we used this type of needle for injection in the following study. 5′ cholesterol HPV16 E6 siRNA was administered locally through 800 μm injectable microneedle. Animals that received non-sense control (NC) siRNA were used as control to assess the extent of tumor suppression. We observed significant suppression of tumor growth in animals treated with E6 siRNA (*P* \< 0.05) ([Fig. 2C,D](#f2){ref-type="fig"}).

Distribution of HPV16 E6 siRNA delivered by the microneedle in cervical tumor xenograft
---------------------------------------------------------------------------------------

Nine mice were treated with cy5-labeled human HPV16 E6 siRNA. The distribution of the siRNAs in both organ and tissue levels were visualized by the biophotonic *in vivo* imaging analysis (IVIS 200 imaging system) and the siRNA florescence histology analysis (fluorescence microscope) was performed at the time points of 1.5 h, 6 h, 24 h after treatment. As shown in [Fig. 3](#f3){ref-type="fig"}, the fluorescence intensity was strong in the tumor and absent in the heart, lung, spleen, liver and kidney at the time point of 1.5 h and 6 h. However, there was almost no fluorescent signal observed in the tumor and no fluorescent signal was observed in other organs at the time point of 24 h. Subsequently, the distribution of the Cy5-labeled siRNA within the tumor was examined after the experiment. The tumor was dissected and embedded in optimal cutting temperature (OCT) compound for cryosection and microscopic examination. At the time of 1.5 h, Cy5-labeled siRNA mainly accumulated under the skin; at 6 h, it penetrated into the tumor and 24 h later the signal quenched.

Adverse effects of the HPV16 E6 siRNA
-------------------------------------

We have also collected the blood samples from the mice for the biochemistry analysis to investigate the major toxic effects of the HPV16 E6 siRNA. Sodium, potassium and chloride ion are the representatives of electrolyte. Creatinine and urea are the important indicators of renal health. Total cholesterol, total protein and albumin, aspartate aminotransferase, alkaline phosphatase, γ-glutamyl transpeptidase and bile acids are indicators of hepatocellular effects. The results of the blood biochemical tests are shown in [Fig. 4](#f4){ref-type="fig"}. Compared with the NC group, minor changes were observed in the HPV16 E6 siRNA group, but it caused a significant increase in the concentration of potassium ion (*P* \< 0.05). The treatment also showed a trend to increase bile acid, aspartate aminotransferase, and γ-glutamyl transpeptidase and decrease alkaline phosphatase, although there was no statistical difference.

Discussion
==========

SiRNA induced gene silencing mainly achieved by blocking their targets' function hijacks the inhibitory effects of conventional drugs. However, some disease-related molecules are considered as "non-druggable" targets. Up to date, many of these have been targeted by siRNA approach and new siRNA-based drugs have been developed for clinical trials[@b3][@b10]. Cancer is a genetic disease which involves mutational and epigenetic changes which lead to uncontrollable cell proliferation and differentiation[@b11][@b12]. SiRNA have been extensively used to silence cancer-related gene targets. A line of preclinical studies have suggested that gene silencing can inhibit cancer development including tumor growth, angiogenesis, metastasis and chemo-resistance[@b13][@b14][@b15]. From a clinical perspective, siRNA approach may represent a more suitable and safe strategy for the management of cervical cancer when compared to commonly-used radiation or chemo-radiation therapy. Since cervical cancer is mainly caused by HPV, and HPV is the most important etiological agent. Importantly, HPV oncogene is exogenous. Therefore, siRNA treatment would not affect the host genes. On the other hand, for the Stage 0 and Stage I cervical cancer, abnormal cells/a very small amount cancer cells are found only in the innermost tissue of cervix and local treatment may be enough and appropriate for the patients. As a result, the cervical cancer model is ideal for testing the anti-cancer effects of siRNA locally delivered by microneedles.

For the siRNA application, the major challenge to clinical exploitation is lack of suitable and effective delivery tools[@b16]. The siRNA has been delivered through different systems for animal studies, including systemic delivery through the intravenous injection, or local delivery like intratumoral administration[@b17]. In previous study, hypodermic needles were used for delivery of therapeutic siRNA, which caused significant pain. To provide a less invasive method, microneedle devices were investigated[@b18][@b19]. In a pilot study, we have evaluated the ability of a silicon microneedle array to punch holes for delivery of the housekeeping gene (*Gapdh*) siRNA to mouse ear skin and found that it could effectively deliver siRNA to relevant regions of the skin with efficiency[@b8]. Subsequently, we have compared the differences between intratumoral injection by silicon microneedle array and normal syringe. It seems that microneedle-based siRNA delivery protocol significantly reduced the siRNA distribution in the other organs in mice ([Supplementary Fig. S3](#S1){ref-type="supplementary-material"}). While, in this study, we adopted hollow injectable microneedle and the advantage is that hollow microneedle is designed for fast and efficient delivery of liquid medication. It can improve skin permeability, make the dose accurate and enhance "patient" compliance.

By using the hollow injectable microneedle, the distribution of siRNA in the tumor region and major organs after administration was detected by investigating the distribution of fluorescence. In previous study, we used biophotonic imaging technology to examine the organ distribution of FAM-labeled siRNA (delivered by the liposome or as free siRNA) after *in vivo* systemic administration. The intensity of the targeting region fluorescence signal was the strongest. However, the fluorescence signal was also detectable in the heart, spleen, lungs and kidneys of the rats from all of the treatment groups[@b20]. Compared with systemic administration, local delivery of siRNA solution might maintain therapeutic concentration in the local region, the fluorescence intensity was strong in the tumor but absent in the heart, lung, spleen, liver and kidney at the time point of 1.5 h and 6 h. Also, a small volume of siRNA solution might be suitable for maintaining therapeutic concentration in the specific region. Compared to NC group, a marked reduction of HPV16 E6 gene expression was detected in the tumor treated with the siRNA 24 h after administration, although there seems no fluorescence intensity observed at that time point. One of the possible reasons is that the 3′end of the siRNA sense strand was modified by the fluorescent dye cy5. When siRNA enters the RNAi pathway, the anti-sense strand would be loaded into the (RNA-induced silencing complex) RISC to become the guide strand for targeting and degrading mRNA and the sense strand was cleaved. As a result, the silencing effect could be observed although the fluorescence was weak or disappeared at 24 h post delivery. When comparing the mice at different time points, the fluorescent signal was strong and observed moderately distributed in the epidermis near the deposited "plug" 1.5 h post administration. In contrast, the red signal at 6 h post administration was widely distributed and weaker than that of 1.5 h, which suggesting uptake and cytoplasmic localization of the siRNAs. It may also due to the limit of IVIS 200 imaging system for deep scanning. At 24 h, little signals were observed. This may be the remaining siRNA "trapped"between the epidermis and tumor, which did not enter the RNAi pathway. We also observed significant suppression of tumor growth in animals treated with E6 siRNA every three days. This result showed that the effect of tumor suppression induced by local delivery of E6 siRNA which silenced the HPV16 E6 gene.

In addition to the current enthusiasm around RNA interference as an emerging novel approach to treat human diseases, a key challenge of this technology is the safe to the body. However, there is little information regarding to the safety of locally administered siRNA. A recent study suggested that local administration (direct intra-tumorous injection) of Nek2 siRNA is a safe delivery procedure with little cytotoxicity[@b19]. In our study, the results of the blood biochemical tests indicated that local administration of siRNA cause few adverse effects, only showing a trend to increase bile acid, aspartate aminotransferase, and γ-glutamyl transpeptidase and decrease alkaline phosphatase with no statistical difference. However, further investigation including an orthodox preclinical toxicology study is needed for the potential clinical application. As an orthodox program, it typically includes selection of a rodent species and a non-rodent species (such as rat and monkey). In addition, single-dose and repeat-dose comparative tolerability studies should be included to determine the maximum tolerated dose and the no observable adverse effect level[@b21]. Then the safety profile can be translated to humans.

In conclusion, the results presented here indicate that local administration of siRNA through injectable microneedle could effectively deliver siRNA into the tumor region, and inhibit tumor progression without major adverse effects. Referring to translation to clinical application, it may provide an alternative to the conventional approaches.

Materials and Methods
=====================

Injectable microneedle device
-----------------------------

The device consists of a micro-syringe, an array-type micro injection needle head and a tube connecting them.

Animals
-------

Experiments were performed on female Balb/c athymic mouse (6 weeks old) bred and kept by the Laboratory Animal Services Center of the Chinese University of Hong Kong. The methods were carried out in accordance with the approved guidelines.

Ethics statement
----------------

All experimental protocols were approved by the Animal Experimentation Ethics Committee of the Chinese University of Hong Kong and the Government of the Hong Kong SAR.

SiRNAs
------

The 3′ labeled cy5 and 5′ cholesterol human HPV16 E6 siRNA, 5′ cholesterol human HPV16 E6 siRNA, 5′ cholesterol nonsense siRNA and nonsense siRNA were purchased from RioboBio (Guangzhou, China).

Cell culture
------------

Cervical cancer cell line SiHa (American Type Cell Culture Collection, VA, USA) was cultured in Dulbecco's modified Eagle's medium (DMEM, Hyclone, GE Health Care, USA) supplemented with 10% fetal bovine serum. Cells were incubated in a humidified atmosphere with 5% CO~2~ at 37 °C.

Examination of knockdown efficiency of HPV16 E6 siRNA delivered by the microneedle in cervical tumor xenograft mice model
-------------------------------------------------------------------------------------------------------------------------

Twenty Balb/c athymic mice were anesthetized by Ketamine (75 mg/kg, i.p.)/Xylazine (10 mg/kg, i.p.) and then cervical cancer cells (SiHa, 2 × 10^6^ cells) were injected into the back flank of mice by subcutaneous injection using micro-syringe fitted with a 30G needle. Fourteen days post tumor inoculation, the animals were subjected to the following treatments: 1) human HPV16 E6 siRNA and n = 5 for each type of microneedles (500 and 800 μm); 2) Nonsense siRNA group as control (NC group, n = 5 for each type). And 5 μl of the siRNA solution (10 μg/μl) was directly intra-tumorous injected with microneedle ([Fig. 2A](#f2){ref-type="fig"}). The knockdown efficiency of the siRNA was detected by gene expression analysis using qRT-PCR (compared with nonsense siRNA group) at time point of 24 h after treatment. The microneedle with higher knockdown efficiency was used for the following experiments.

Analysis of gene silencing
--------------------------

Mice were euthanized at 24 h after siRNA treatment and the tumor was dissected for analysis by qRT-PCR as follows with the nonsense siRNA group as control. Total RNA was extracted by homogenization in 1 ml Trizol reagent, followed by chloroform extraction and isopropanol precipitation. 100 ng sample of total RNA was reverse-transcribed to cDNA using the commercial protocol. For mRNA amplification, the primers: 5′-CACAGGAGCGACCCAGAAAG-3′ (E6 forward), 5′-GCATAAATCCCGAAAAGCA A-3′ (E6 reverse) were used. Quantitative Real-time Polymerase Chain Reaction will performed by using Power SYBR^®^ Green PCR Master Mix (Applied Biosystems, Foster City, California). For the analysis of Real-time PCR Data: the relative expression of target mRNA was determined by dividing the target amount by endogenous control amount to obtain a normalized target value. Then the normalized values of the target mRNA were compared among the samples.

Test of therapeutic effect of HPV16 E6 siRNA delivered by the microneedle in cervical tumor xenograft mice model
----------------------------------------------------------------------------------------------------------------

Twenty Balb/c athymic mice with cervical tumor xenograft were employed for this approach. The HPV16 E6 siRNA (n = 10) and nonsense siRNA (n = 10, as control) were treated for Balb/c athymic mice with corresponding cervical tumor xenograft by microneedle based delivery system every three days. Ten days after first siRNA treatment, the mice were terminated and the weight of cervical tumor xenograft was measured.

Examination of the distribution of HPV16 E6 siRNA delivered by the microneedle in cervical tumor xenograft mice model
---------------------------------------------------------------------------------------------------------------------

Another nine mice were treated with cy5 labeled human HPV16 E6 siRNA group and n = 3 for each time point (1.5, 6 and 12 h). The distribution of the siRNAs in both organ and tissue level was visualized by the biophotonic *in vivo* imaging analysis (IVIS 200 imaging system) and the siRNA florescence histology analysis (fluorescence microscope) at time points of 1.5 h, 6 h, 24 h after treatment[@b22].

Test of adverse effect of HPV16 E6 siRNA delivered by the microneedle in cervical tumor xenograft mice model
------------------------------------------------------------------------------------------------------------

The blood from the mice was collected for the biochemistry analysis to investigate the major toxic effect of the siRNA, including sodium, potassium, chloride ion, glucose, total cholesterol, urea, creatinine, total protein and albumin, aspartate aminotransferase, alkaline phosphatase, γ-glutamyl trans-peptidase and bile acids.

Data analysis
-------------

Numeric data in each group will be expressed as mean ± standard deviation and analyzed by Analysis of Covariance (ANOVA) with LSD's post hoc multiple comparisons or unpaired t-test as appropriate. Statistical significance is set at *P* \< 0.05.
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![The image of injectable microneedle device.\
(**A**) It consists of a micro-syringe, an array-type micro injection needle head and a tube connecting them. (**B**) Structure of the array-type micro injection needle head.](srep30430-f1){#f1}

![(**A**) Methods of drug delivery to the skin using injectable microneedle device; (**B**) HPV16 E6 gene expression detected in the tumor treated with the siRNA delivered by either 500 μm or 800 μm 24 h after administration. A marked reduction of HPV16 E6 gene expression was detected in the tumor treated with the siRNA delivered by either 500 μm or 800 μm 24 h after administration. The 800 μm injectable microneedle showed higher knockdown efficiency. (**C**) Ten days post first treament, SiHa xenografts were photographed. (**D**) Statistical analysis for tumor weight of SiHa xenografts. Significant suppression of tumor growth in animals treated with E6 siRNA was observed. NC stands for nonsense siRNA. T test, \**P* \< 0.05.](srep30430-f2){#f2}

![Cy5-labeled cholesterol siRNA distribution in both organ and tissue level.\
(**A**) The fluorescence intensity in the whole body and (**B**) dissected tumor, heart, lung, spleen, liver and kidney; (**C**) The fluorescence intensity in the tumor tissue section.](srep30430-f3){#f3}

![Biochemistry analysis of blood taken from mice including including sodium, potassium, chloridion, glucose, total cholesterol, urea, creatinine, total protein and albumin, aspartate aminotransferase, alkaline phosphatase, γ-glutamyl trans-peptidase and bile acids.\
A significant increase in the concentration of potassium iron was observed. NC stands for nonsense siRNA. T test, \**P* \< 0.05.](srep30430-f4){#f4}
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